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1
ANALYZER

BACKGROUND

1. Technical Field

The present invention relates to an analyzer that analyzes a
particle system.

2. Description of Related Art

Recent years, along with the increase of computational
capability of a computer, simulations that incorporate analy-
sis of magnetic fields are frequently used in design/develop-
ment of electric appliances such as a motor. The use of the
simulations can increase the speed of the design/development
since the simulations enables certain level of evaluations to be
performed without actually making prototypes.

For example, an analyzer for a motor is known. The ana-
lyzer comprises an arithmetic processing unit that performs
analysis of magnetic fields. The arithmetic processing unit, in
response to external instructions based on user operations,
performs torque calculations according to analysis of static
magnetic fields by a Finite Element Method (FEM) or accord-
ing to a Maxwell stress method. So-called meshing is per-
formed in the analysis of static magnetic fields by the FEM.
The meshing is applied to a core region and a housing region,
as well as a external air layer region. Other methods for
analyzing magnetic fields include a difference method and a
magnetic moment method.

SUMMARY

An embodiment of the present invention relates to an ana-
lyzer. This analyzer comprises: a magnetic moment associa-
tion unit operative to associate a particle in a particle system
defined in a virtual space with a magnetic moment; a numeri-
cal operation unit operative to perform numerical operation
according to a governing equation that governs a motion of
each particle in the particle system, the particle system
including the particle which is associated with the magnetic
moment by the magnetic moment association unit; and a
magnetic physical quantity calculation unit operative to cal-
culate a magnetic physical quantity with regard to the particle
system using the results of the numerical operation performed
by the numerical operation unit.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will now be described, by way of example
only, with reference to the accompanying drawings, which
are meant to be exemplary, not limiting, and wherein like
elements are numbered alike in several figures, in which:

FIG. 1 is a block diagram showing functions or configura-
tions of an analyzer according to an embodiment;

FIG. 2 is a data structure diagram showing an example of a
particle data storing unit of FIG. 1;

FIG. 3 is a flowchart showing an example of a series of
processes in the analyzer of FIG. 1;

FIG. 4 is a diagram showing results of calculations corre-
sponding to an expansion to n=1 order;

FIG. 5 is a diagram showing results of calculations corre-
sponding to an expansion to n=2 order;

FIG. 6 is a diagram showing results of calculations corre-
sponding to an expansion to n=3 order;

FIG. 7 is a diagram showing results of calculations corre-
sponding to an expansion to n=4 order;

FIG. 8 is a diagram showing a relationship between orders
of spherical harmonics and calculation values;

FIG. 9 is a diagram showing a hysteresis curve;
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2

FIG. 10 is a diagram showing results of calculations of
magnetization due to a permanent magnet (1.0 T);

FIG. 11 is a diagram showing results of calculations of
magnetization due to a permanent magnet (1.0 T);

FIG. 12 is a diagram showing results of calculations of
magnetization due to a permanent magnet (1.0 T).

DETAILED DESCRIPTION

The invention will now be described by reference to the
preferred embodiments. This does not intend to limit the
scope of the present invention but to exemplify the invention.
The size of the component in each figure may be changed in
order to aid understanding. Some of the components in each
figure may be omitted if they are not important for explana-
tion.

In the prior art methods, the meshing is applied to the
object to be analyzed. However, if the object to be analyzed is
fluid and if a fixed mesh is used with moving boundaries, the
analysis may become difficult. If the object to be analyzed
performs large displacement of a magnetic body or a plastic
body, the meshing may be difficult. In particular in the case
where the meshing is performed in the magnetic field analysis
including a rotor such as a motor, polymerization of meshes
(if the polymerization is single, this is the large displacement)
makes the analysis difficult.

One of the purposes of the present invention is to provide
an analysis technique that enables a preferred analysis of
magnetic phenomena in simulations.

As to methods for analyzing phenomena of general mate-
rial science using computers based on classical mechanics or
quantum mechanics, simulations based on a Molecular
Dynamics Method (hereinafter referred to as “MD method”),
a Quantum Molecular Dynamics Method or a Renormalized
Molecular Dynamics (hereinafter referred to as “RMD
method”) are known. The RMD method is a developed ver-
sion of the MD method so that it can be applied to macroscale
systems. To be precise, the MD method/the RMD method
which are kinetics methods (calculations of physical quantity
uses statistical mechanics) and the particle method in which a
differential equation describing a continuum is discretized
are different. However, in this specification, the MD method/
the RMD method are referred to as the particle method.

Since the particle method can analyze not only static phe-
nomena but also dynamic phenomena such as flow, the par-
ticle method attracts attention as a simulation method replac-
ing the above-mentioned FEM in which the object to be
analyzed mainly is a static phenomenon.

From a differential point of view, the particle method
obtains a particle system to be analyzed by discretizing a
continuum by particles. For example, when fluid is analyzed
by the particle method, it is often the case that the Navier-
Stokes equation is discretized by particles.

From another or integral point of view, the particle method
forms a continuum by collecting many particles. This is, for
example, a view in which a large iron ball is formed by
collecting and solidifying small iron particles.

In general, when one calculates a magnetic field at a certain
point in a space where many magnetic moments exist, due to
superposition principle, one will sum up the magnetic field at
the certain point created by each magnetic moment over the
many magnetic moments. The present inventors recognize
affinity between the method for calculating the magnetic field
from such a collection of magnetic moments and the particle
method in the integral view, and devise the idea of associating
a magnetic moment with a particle in the particle method. By
doing so, it is possible to broaden the cover range of the
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particle method to magnetic field analyses while maintaining
the advantage of'the particle method, the advantage being that
the particle method is effective for analyses of convection or
large displacement.

FIG. 1 is a block diagram showing functions or configura-
tions of an analyzer 100 according to an embodiment. It
should be understood that each block depicted in the Figure
can be realized with hardware. Such hardware includes an
electronic device (s) or an element (s) such as a CPU (Central
Processing Unit) of a computer. It should also be understood
that each block depicted in the Figure can be realized by
software. Such software includes a computer program. In the
Figure in particular, the depicted functional block is realized
by cooperation of these elements. Therefore, it should be
understood by a person skilled in the art who has read this
specification that it is possible to realize these functional
blocks in various forms by hardware, software or a combina-
tion of those.

In the present embodiment, a particle system is analyzed
based on the RMD method. However, it will be obvious to a
person skilled in the art who has read this specification that a
technical concept according to the present embodiment can
be applied to the case where the particle system is analyzed
based on other particle method such as the MD method, the
Distinct Element Method, the Smoothed Particle Hydrody-
namics, or the Moving Particle Semi-implicit.

The analyzer 100 is connected to an input device 102 and a
display 104. The input device 102 may be a keyboard or a
mouse for receiving user inputs that are related to processes
performed in the analyzer 100. The input device 102 may be
configured to receive inputs from a storage medium such as
networks (Internet), CD or DVD.

The analyzer 100 comprises a particle system acquisition
unit 108, a magnetic moment association unit 110, a numeri-
cal operation unit 120, a magnetic field calculation unit 132,
a display control unit 118 and a particle data storing unit 114.

The particle system acquisition unit 108 is operative to
acquire data of a particle system. The particle system com-
prises N (N is a natural number) particles. Those N particles
are defined in a one, two or three dimensional virtual space,
based on input information acquired from a user through the
input device 102. The particle system is a particle system
which is renormalized using the RMD method.

The particle system acquisition unit 108 is operative to
arrange N particles in the virtual space based on the input
information and to associate a velocity with each arranged
particle. The particle system acquisition unit 108 is operative
to associate a particle ID identifying an arranged particle and
a position of the associated particle and a velocity of the
arranged particle and to register the associated information to
the particle data storing unit 114.

The magnetic moment association unit 110 is operative to
associate, based on input information obtained from a user
through the input devise 102, a magnetic moment with a
particle of the particle system acquired by the particle system
acquisition unit 108. For example, the magnetic moment
association unit 110 is operative to require, of the user, inputs
for magnetic moments of particles of the particle system
through the display 104. The magnetic moment association
unit 110 is operative to associate the input magnetic moment
and the particle ID and to register the associated information
to the particle data storing unit 114.

The following descriptions assume that all particles of the
particle system are homogeneous or equivalent. The follow-
ing descriptions also assume that a potential energy function
is based on pair potential and has the same form regardless of
particles. However, it will be obvious to a person skilled in the
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art who has read this specification that a technical concept
according to the present embodiment can be applied to other
cases.

The numerical operation unit 120 is operative to perform
numerical operation according to a governing equation that
governs a motion of each particle in the particle system, the
particle system being represented by data stored by the par-
ticle data storing unit 114. In particular, the numerical opera-
tion unit 120 is operative to perform repeated operation
according to an equation of motion of a discretized particle.
The equation of motion of the particle has a term dependent
on the magnetic moment. The numerical operation unit 120
includes a force calculation unit 122, a particle state calcula-
tion unit 124, a state update unit 126 and a termination con-
dition deciding unit 128.

The force calculation unit 122 is operative to refer data of
the particle system stored by the particle data storing unit 114
and to calculate a force applied to each particle in the particle
system based on particle-particle distances. The force applied
to a particle includes a force based on interaction (s) between
magnetic moments. The force calculation unit 122 is opera-
tive to, with regard to i-th (i is greater than or equal to 1 and i
is less than or equal to N) particle in the particle system,
identify particle (s) whose distance from the i-th particle is
less than a predetermined cut-off distance. Hereinafter, such
identified particles are called neighboring particles.

The force calculation unit 122 is operative to calculate a
force applied to the i-th particle by each neighboring particle
based on the potential energy function between the neighbor-
ing particle and the i-th particle and the distance between the
neighboring particle and the i-th particle. In particular, the
force calculation unit 122 is operative to calculate the force by
obtaining a value of a gradient of the potential energy func-
tion at the value of the distance between the neighboring
particle and the i-th particle. The force calculation unit 122 is
operative to sum up the force applied to the i-th particle by a
neighboring particle over all neighboring particle in order to
calculate the total force applied to the i-th particle.

The particle state calculation unit 124 is operative (i) to
refer data of the particle system stored by the particle data
storing unit 114 and (ii) to apply the total force calculated by
the force calculation unit 122 to the discretized equation of
motion of each particle in the particle system and (iii) to
calculate, based on the results of the application, at least one
of the position and the velocity of the each particle. In this
embodiment, the particle state calculation unit 124 is opera-
tive to calculate both the position and the velocity of a par-
ticle.

The particle state calculation unit 124 is operative to cal-
culate the velocity of a particle according to the discretized
equation of motion of the particle, the equation including the
force calculated by the force calculationunit 122. The particle
state calculation unit 124 is operative to calculate the velocity
of the i-th particle of the particle system by substituting the
force calculated for the i-th particle by the force calculation
unit 122 for the discretized equation of motion of the i-th
particle, the equation being discretized based on a certain
numerical analysis method such as leapfrog method or Euler
method and the equation being discretized using a certain
minute ticks of time At. This calculation uses velocities of the
particle obtained in the previous cycle of the repeated opera-
tion.

The particle state calculation unit 124 is operative to cal-
culate the position of a particle based on the calculated veloc-
ity of the particle. The particle state calculation unit 124 is
operative to calculate the position of the i-th particle of the
particle system by applying the calculated velocity of the i-th
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particle to an equation of relationship between the position
and the velocity of the i-th particle, the equation being dis-
cretized based on a certain numerical analysis method and the
equation being discretized using the ticks of time At. This
calculation uses positions of the particle obtained in the pre-
vious cycle of the repeated operation.

The state update unit 126 is operative to update each of the
position and the velocity of each particle in the particle sys-
tem stored by the particle data storing unit 114 with the
position and the velocity calculated by the particle state cal-
culation unit 124.

The termination condition deciding unit 128 is operative to
decide whether the repeated operation in the numerical opera-
tion unit 120 should be terminated or not. The termination
conditions with which the repeated operation should be ter-
minated may include the condition that the number of opera-
tions in the repeated operation reaches a predetermined num-
ber, the condition that an instruction for termination is
received from outside and the condition that the particle sys-
tem reaches a steady state. The termination condition decid-
ing unit 128 is operative to terminate the repeated operation in
the numerical operation unit 120 if the termination condition
is met. The termination condition deciding unit 128 is opera-
tive to return the process to the force calculationunit 122 ifthe
termination condition is not met. Then, the force calculation
unit 122 is operative to again calculate the force with posi-
tions of particles updated by the state update unit 126.

The magnetic field calculation unit 132 is operative to, after
the termination of the operation in the numerical operation
unit 120, calculate the magnetic field created by the particle
system, the particle system being represented by data stored
by the particle data storing unit 114. The magnetic field cal-
culation unit 132 is operative to calculate the magnetic field
based on a magnetic moment of each particle stored by the
particle data storing unit 114. The magnetic field is a magnetic
physical quantity related to the particle system. The magnetic
field calculation unit 132 may be operative to calculate a
magnetic flux density or a magnetization in addition to or in
substitution for the magnetic field. The magnetic field calcu-
lation unit 132 may be operative to calculate the magnetic
field created at a position of a particle for each step of the
repeated operation in the numerical operation unit 120.

The display control unit 118 is operative to cause the dis-
play 104 to display the time evolution of the particle system or
the state of the particle system at a certain time based on the
position, velocity and magnetic moment of each particle of
the particle system, the particle system being represented by
data stored by the particle data storing unit 114. This display
may be performed in a form of still image or moving image.

FIG. 2 is a data structure diagram showing an example of a
particle data storing unit 114. The particle data storing unit
114 stores the particle ID, the position of the particle, the
velocity of the particle and the magnetic moment of the par-
ticle.

In the above-described embodiment, an example of the
storing unit is a hard disk or a memory. It should be under-
stood by a person skilled in the art who has read this specifi-
cation that it is possible to realize each unit, based on descrip-
tions in this specification, by a CPU (not shown), a module of
installed application program, a module of system program or
a memory temporarily storing contents of data that has been
read out from a hard disk.

The operation of the analyzer 100 as described above shall
be described below.

FIG. 3 is a flowchart showing an example of a series of
processes in the analyzer 100. The particle system acquisition
unit 108 is operative to acquire the particle system renormal-
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ized based on the RMD method (S202). The magnetic
moment association unit 110 is operative to associate a mag-
netic moment with a particle of the acquired particle system
(S204). The force calculation unit 122 is operative to calcu-
late the force applied to a particle based on particle-particle
distances (S206). The particle state calculation unit 124 is
operative to calculate the velocity and the position of a par-
ticle according to the equation of motion of the particle, the
equation including the calculated force (S208). The state
update unit 126 is operative to update the position and the
velocity stored by the particle data storing unit 114 with the
calculated position and velocity (S210). The termination con-
dition deciding unit 128 is operative to decide whether the
termination condition is met (S212). If the termination con-
dition is not met (N of S212), the process returns to S206. If
the termination condition is met (Y of S212), the magnetic
field calculation unit 132 is operative to calculate the mag-
netic field created by the particle system (S214).

In general, the particle method preferably can analyze a
dynamic object to be analyzed such as fluid, separation phe-
nomena or cutting work. Then, in the analyzer 100 according
to the present embodiment, both the analysis based on the
particle method and the analysis based on the magnetic
moment are realized. Therefore, it is possible to analyze a
dynamic object to be analyzed with higher accuracy and with
shorter calculation time, including a magnetic property such
as the magnetic field.

For example, if the object to be analyzed is iron sand, it is
difficult to simulate such object with a prior art mesh-based
analysis method, like FEM, since proper arrangement of
mesh is not possible. However, in the analyzer 100 according
to the present embodiment, it is possible to preferably analyze
the iron sand with the particle method in consideration of
magnetic property of the iron sand.

For example, if the object to be analyzed is a motor, the
prior art mesh-based analysis method is not effective to such
object since a rotor rotates with respect to a stator. The prior
art method may allow static analysis only. However, in the
analyzer 100 according to the present embodiment, it is pos-
sible to dynamically deal with magnetic interaction between
the rotor and the stator while enabling high-accuracy simu-
lations of rotations of the rotor using the particle method.

The followings are descriptions of the principle of the
analysis method used for the analyzer 100.

The magnetic field can be obtained from a macroscopic
vector potential (defined as)

(eqnl)

po (I 4
r |x—x’|dx)

Alx) =

in the following manner. The z axis is defined to be the
direction of spin and “a” is defined to be a radius of atom. A
circle current that generates spin S, (magnetic moment m,,) is
expressed as follows.

(eqn2)

1 Mz m gusS
= —2Z m, = gusS;
iT a2 i Jz

A magnetic field created by a single spin located at a lattice
point j is expressed as follows.
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(eqn3)
R _ pome N7 (CLrene DU , ®-b
A, = %)) = 2rar, - 2npl rg;t;rz 2n+1(¢086)
By(x, —x)) = -2
(2ﬂ+2) 1 (rpj)Zn
Hommj; (-1"C2r+ DU 2n+l/a3\ a Al g
T Tax i+ ) 1,am 2011 (c086;)
=0 r?;j ("pj)
By(xp, —x;)=0 (P-3)
Here, the following holds.
(eqnd)
rpi =X, —xjl, cos; = b
Tpj

If only n=0 is left, the magnetic field becomes equivalent to
the magnetic field created by a sphere which is uniformly
magnetized.

(eqn3)

4 5
Mj:mj/gna

In the case where this method is applied to a bulk spherical
body, if one adopts only n=0, uniform magnetization may not
be obtained and the results will be similar to that of the
magnetic moment method. This may be improved by adding
higher order terms. Uniform magnetization is obtained in
case of FEM.

The transformation into Cartesian coordinate system (us-
ing the following equation)

Ky =¥y SN 0 €OS @3, =7, 5in 0, sin §; (eqn6)|
will give the following.
(eqn?)
Bi(x, —xj3mj;) = (B(m,)sind; + By(m,)cos6;)cosd ; P-4
=(B, + BgcotOj)ﬂ
Tpj
B, (x, — xj; my;) = (By(my)sind; + Bg(m)cost)sing ; (P-5)
=(B, + BgcotOj)M
Tpj
B,(x, — xj;mp) = B.(m;)cos; — Bg(m,)sinb; P-6)

Here, it should be noted that Bx=By=0 from Bg=0 when sin
6=0.
The magnetic fields when the magnetic moments m,, m,
are parallel to the x axis and the y axis, respectively,
B(m.),B(ms,) (eqn8)|

can be found in a similar way.
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(eqn9)
By(xp — xj;5 mj) = (B(my)sind; + Bg(my)cost;)cose ; P-7
=(B, + BgcotOj)M
T
B (x, — xj; mj) = (B(my)sinf; + By(m,)cost;)sing ; (P-8)
=(B, + BgCOtOj)@
pj
B (xp — X3 mj) = B.(my)cosd; — By(m, )sind; P-9)
B,(x, — xj;mj,) = (B,(m))sind; + By(m,)cosf;)cosd; (P-10)
=(B, + BgCOtOj)@
T
B.(xp —xj;myy) = (B.(my)sind; + Bg(m,)cost;)sing ; (P-11)
=(B, + BgcotOj)ﬂ
T
By (x, — x5 mp) = B(my)cost; — By(m,)sind; (P-12)
The magnetic field
B, (eqnll)
at
X, (eqnl0)!
and contributions from N spins can be found as
(eqnl2)
N (P-13)
B,(x,) = Z [B(xp =X mp)+ Blx, —xj3my) + Blx, —x;; mjz)]
JEP
3 U=l s (P-14)
M,=————\B,(x
? ﬂo(ﬂ+2ﬂ0) 2
Bo(xp) = Bu(Xp) + o Heu (P-15)
4 4 (P-16)
my = (Mpy, Mpy, M) = gna M,
Here,
B (eqnl3)!

represents an average in a sphere. By combining P-13 and
P-16, the magnetic moment m,, can be obtained. The mag-
netic field created outside the magnetic body is represented
by P-13. The magnetic field created inside the magnetic body
is represented by

(eqnl4)
24, P17
B, =B, + LM ( )
3
1 1 (P-18)
Hp=—B, - =M
Ho 3

By considering a demagnetizing field due to magnetization
created on a surface of the sphere, P-14 satisfies the follow-
ing.

V-M,=0 (eqnl5)!



US 9,322,886 B2

9

P-13 is slow to converge since the matrix is not a superdi-
agonal angle (i.e. j=p is excluded). Thus, a solution should be
obtained from the following equation of motion.

(eqnl6)

LzZ[%mv(l + X0 i) = %(m; - aB,(n)] ®
a1 . _ (P-20)

my—- = —m(mi —aB,(ri)) -y
B Ard® g - o (P-21)
T o (ﬂ+2ﬂo)

Here, m,=5x1072dt* is a virtual mass and y=m /(10 dt) is a
damping coefficient.

Itis possible to realize further acceleration with an addition
of FIRE. The code of the FIRE is shown below. The calcula-
tion result is 10.05 [s] under the condition that the number of
particles is 802 and the residual is less than 10~%. The residual
is not below 107> without FIRE.

Ordinary Step

Calculate m,force,and m from Eq.(P-20)
Fire Step

P=force-m,

M=l fo=Iforce+DBL_MIN;
m=m(1.0-a)+(force/f)m,a;
if(P>0.0)n++;

if(n>5){a=0.99a;n=0;}

if(P<=0.0){m=0.0;0=0.1,#=0;} (equl7)l

Special cases of the Legendre functions and the associated
Legendre functions are listed below (x :=cos 6,).

(eqnl8)
Poo=1 (P-22)
P =x (P.23)
Py(x) = %(3;;2 -1 (P-24)
P3(x) = %(sf -3x) (P-25)
Py(x) = é(35x4 -30¢% +3) (P-26)
Ps(x) = é(63x5 —70%% +15x) (P-27)
and (P-28)
Pl = - -29)
P%(x):—%(1—x2)1/2(5x2_1) (P-30)
Piw) = 15(1 - x*)x ®.31)
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10
-continued
Pix) = -15(1 - " (F-32)
Px) = _éu — A W2315xY — 21047 + 15) *-33
The magnetization
M (eqnl9)!

of a magnetic sphere (the magnetic susceptibility is 999)
placed in an uniform external field of B_,=0.1 [T] in the x
direction is calculated and the results of the calculations are
shown below. In the calculations, it is assumed that the num-
ber of particles (atoms) forming the sphere is 4009 and that
those particles are arranged in fcc structure. The exact solu-
tion is

(eqn20)

3 — o
-k

FIGS. 4, 5, 6 and 7 show the results of the first-fourth order
of multipole expansion. Those Figures show cross-sections
which pass the center. As the order of the multipole expansion
increases, it can be seen that the results get closer to the exact
solution. The convergence is deteriorated if the order is low.
Most of'the calculation time is occupied with calls for spheri-
cal harmonics.

FIG. 4 is a diagram showing results of calculations corre-
sponding to an expansion to n=1 order. The exact solution is
1eM,=0.2991 [T], which can compared to the calculation
result of 0.346231 [T] in average. It can be secen that the
magnetization is uniform and parallel to the external field
(B,=0.1 [T]). The residual is less than or equal to le-13 and
the calculation time is about 80 minutes.

FIG. 5 is a diagram showing results of calculations corre-
sponding to an expansion to n=2 order. The exact solution is
1eM,=0.2991 [T], which can compared to the calculation
result of 0.321891 [T] in average. It can be secen that the
magnetization is uniform and parallel to the external field
(B,=0.1 [T]). The residual is less than or equal to 1e-8 and the
calculation time is about 3 hours. The residual does not
decrease below 1e-9.

FIG. 6 is a diagram showing results of calculations corre-
sponding to an expansion to n=3 order. The exact solution is
1eM,=0.2991 [T], which can compared to the calculation
result of 0.312444 [T] in average. It can be secen that the
magnetization is uniform and parallel to the external field
B,=0.1 [TD.

FIG. 7 is a diagram showing results of calculations corre-
sponding to an expansion to n=4 order. The exact solution is
1eM,=0.2991 [T], which can compared to the calculation
result of 0.312222 [T] in average. It can be secen that the
magnetization is uniform and parallel to the external field
(B,=0.1 [T]). The residual does not decrease below 1e-9 after
about 5 hours.

FIG. 8 is a diagram showing a relationship between orders
of spherical harmonics and calculation values. It can be seen
that a higher order gives results closer to the exact solution.

The principle of the analysis method used in the analyzer
100 can be described as follows.
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(eqn21)
L=Lyp+ Lep + Lu Q1)
Lup :ZI_V] [%Mp\/iz—@(xi)_v‘..A(x‘_)] Q-2
L=y [3mes2 veve] Q3
Q-4

1 X X 1
Lo =) 5Vm[§mv(H0m Hlom) = 5 05 (Hom = Hol0in))?

M,, is a mass of nucleus, m, is a mass of electron. “e” is (an
absolute value of) a charge of an nucleus or an electron. The
charge and the mass of electron may not explicitly appear
since the charge is converted to a current and the mass of
electron is added to the mass of nucleus to give a mass M of
atom in the end. 8V is a volume of the magnetic sphere, m,, is
the virtual mass, A, is a Lagrangian undetermined coefficient.
To satisfy constraints rigorously, it is necessary to use a con-
vergence calculation like the SHAKE method; however, in
this method, it is assumed that A,=1 and that small vibrations
around the true solution is treated as errors.

The direction of spin is defined as z axis. “a” is an radius of
atom. The circle current that creates spin S, (magnetic
moment m, ) at a lattice point j is

(eqn22)
m,
Ij= ﬂ—;, mj = gUpSj;

Therefore, the magnetic field can be driven from the macro-
scopic vector potential

(eqn23)

o (I o

Alx) =
@ 4 ) |x-x|
as follows.
(eqn24)
= ” 7 -5)
m (~1@n+ Dt 2t Q
Hy(rp) = s—= Payi(cosd))
? dnary — 27p! rf,ﬁz * g
Hy(rp) = Q-6)
. _(2n+2)i(ﬁ)2n
mj, (=D*2n+ DU 2n+1)a*\ a |
iz 2 + 1)1 1 ( a ] Phps1(cosd;)
n=0 i
T \Ipj

Hy(rpj) =0 Q7
Here, the following holds.

(eqn25)

Zp— 2
rpi =X, —xjl, cos; = pr _J
P
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Leaving only n=0 will give the magnetic field which is
equivalent to the magnetic field created by a sphere which is
uniformly magnetized.

(eqn26)

M;=m; / gnaS

The transformation into Cartesian coordinate system (us-
ing the following equation)

YT 51D 6; COS ¢,,3,,, =7, sin 6, sin ¢; (eqn27)!
will give the following.
(eqn28)
H (rpsmp) = Q-8
{H,(rpj; my)sin; + Hy(rp,;; m;)cosf jcosd; = (H, + chotﬁj)@
Tpi
Hy(rpjsmy,) = Q9

{H,(rpj; m)sin; + Hy(rp;; my)cosd;lsing; = (H, + chotﬁj)¥
pi

Q-10)

H,(rpjs mj;) = Hy(rp;; my)cos@; — Hy(rp,; my)sing;

Here, it should be noted that Hx=Hy=0 from Hy=0 when sin
8,=0. The magnetic fields when the magnetic moments m,, m,,
are parallel to the x axis and the y axis, respectively,

H(m..),H(;m,,) (eqn29)|
can be found in a similar way.
(eqn30)
Hy(rpjsmy) = Q11

{H, (rpj; my)sing; + Hy(ryj; my)cosOjcosd; = (H, + chotﬁj)¥
pi

Hz(rpj; mjx) = (Q-12)
{H (rpj; my)sing; + Hy(rp;; my)cost;}sing; = (H, + chotOj)@
Tpj

H, (rpjs my) = Hy(rpj; my)cos8; — Hy(ry;; my)sing; (Q-13)

cosf; = B Q- 14)

Tpj

H (rpjsmy,) = (Q-15)
{H,(rpj; my)sin; + Hy(rp;; my)cosf jcosd; = (H, + chotﬁj)@
T

Hy(rpjmp) = Q- 16)

{H, (rpj; my)sind; + Hy(rp;; my)cosd;}sing; = (H, + chotﬁj)r—pj_
i

Hy(rpis myy) = Ho(rp; my)cos; — Hg(rp;; my)sing;

Q17
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-continued
cost; = Yp Vi
Tpi

Q-18)

The external magnetic field (contributions from N spins)
H, (eqn32)!

felt by a moment at

R (eqn31)l
is
(eqn33)
s Q19
Hy(xp) = Z [H(ry; mp) + H(rps my) + Hirps m )]
JEp
my = (mpx, Mpy, mpz) = Mpdvp (Q-20)
The induced magnetic field
Hing (eqn34)l
is driven from
(eqn35)
DB(x;, D |
Hing (5p) = =3 Gllxp = %) 5; @Q21)
7
Q22

U'J a3
—|— Fpi>a
3 Fpj 7
2 2
o'-a——ﬁ ry<a
J 2 6 4

When the renormalization is performed, the electrical con-
ductance o is given by the following.

Glry) =

e

Here, 6=2.
The Lagrange differential of the right side of Q-21

(eqn36)|

EB37)
Dr

can be replaced with

B, (eqn38)|

J
since it is the particle method. It should be noted that trans-
lational motions of magnetizations can be considered by
motions of particles; however, rotations of the magnetization
vectors should be considered separately (Landau and Lif-
shitz, Electromagnetism, Chapter 51).
The magnetic field created outside the magnetic body is
given by Q-26. The magnetic field created inside the magnetic
body is

(eqn39)

B= ﬂo(Ho + %M(H)) Q23
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14
-continued
H:Ho_%M(H) (Q-24)
o Ly _dM Q-295)
B —ﬂomﬂoa X(H) = aH
It should be noted that
B (eqn40)!

is also nonlinear. The relationship between the total external
field

H, (eqn41)!

and the magnetization

M (eqn42)!
is
(eqn43)

Ho(xp) = Hin(xp) + Hing(Xp) + Hexr (Q-26)
M= Q-27)

F(H) NON-LINEAR Material

3( K= Ho )Ho(xp ) A SPHERE OF LINEAR MATERIAL

1+ 2,

By combining Q-26 and Q-27, the magnetic moment is driven
as follows.

m, (eqnd4)|
(Nonlinear Magnetization and Hysteresis)
The magnetic field
H (equds)
is removed from Q-27 and Q-24:
(eqn46)
Q23

1
M= f(Ho - §M), for only sphere

By solving Q-28, the following is obtained (FIG. 9 shows the
case where B=f(H)).

M=g(H,) (eqn47)|

FIG. 9 is a diagram showing a hysteresis curve. M is
calculated using a point of intersection of the hysteresis curve
and B+2pu,H=3B,. Now, the permanent magnetization is
given as follows.

M,

c

(eqn48)!

The B-H curve with the above permanent magnetization is
given as follows.

B=u, (M +aH),0<1. (eqn49)!
This can be combined with
B+2p H=pH, (eqn50)|
to give
(eqn51)

3
M= m{MC - (1 -a)H,}
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With regard to a general B=f(H), Newton-Laphson method
can be used.

(The Quantize Method of Magnetic Field)
Q-19 is slow to converge since the matrix is not a superdiago-
nal angle (i.e. j=p is excluded). Thus, a solution should be
obtained from the following equation of motion.

(eqn52)
N Y Q-29)
Liy = Z [ m(Ho - Hor) = = mtHos = Ho)V']
dH,; _ (Q-30)
my 2 = = [Hog = {Hy(01) + Hosa(37)] —Zj] Glry)B;
% o0 GOYE < my < 31,0 G(0) ~ 5% 10717 Q3D

SUFFICIENT CONDITION

Here, m,, is a virtual mass. The recommended value is
100x2.5x107"7dt.

In the case where only static magnetic field is analyzed, the
Green function Gf(r,,) can be replaced with yd,/u,. Also,
m,=5x10*dt* and y=m /(100 dt). A sufficiently small m, can
induce a minute attenuation vibration around the true solu-
tion; thereby the errors can be reduced.

A model is considered.

(eqn53)

dH .
m, o c —k{H — H,cos(wt)} —vyH

A solution of forced vibrations which has an attenuation term
is (Landau and Lifshitz, Mechanics, Sec. 26)

(eqn54)
H = ae M cos(w,l + @) + beos(wr + 8), Q-32)
Y k (Q-33)
A:ﬁawo: m—v,wc=\/wg_/12,
be kH, [m, tand = 2Aw (Q-34)
h P )
A (@2 = w?)* + 42202 °
If the following condition is considered,
W<, <<\ (eqn55)|
the following holds.
(eqn56)
H = beos(wr + &), (Q-35)
kH, bl (Q-36)
b= ———,tand = ——~w
Vi 4 y20? k

In that, if m,, is sufficiently small, the solution coincides with
the solution of the following essential equation to be solved.

YH=—Kk{H-H,, cos(wt)} (eqn57)!
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(Discretization)
In the case where the discretization is performed according to
the leapfrog method (the velocity is evaluated at an interme-
diate point between n and n+1), the following holds wherein
s is the number of convergence.

(eqn58)
HE —Hy Q7
y ot -
N
N N N 1 ok oned
= [H}; = {Hp(x;) + Hy ()] = 3 G(rp)|B; * +B;
J
L @Q38)

L
err=—H+Hoy? -
N
L , 1 s ek
Hy = AH () + Hoy (6} + 5 ) Glrg)| B+ B

i

I
v

If only diagonal elements use future values, the way of solv-
ing becomes explicit and the efficiency will be improved by
about 30 percent. Most of the calculations are calls for special
functions.

(Acceleration Based on FIRE (it is Effective Only to the
Static Magnetic Field Analysis))
It is possible to realize further acceleration with an addition of
FIRE. The code of the FIRE is shown below. The calculation
result is 10.05 [s] under the condition that the number of
particles is 802 and the residual is less than 1073, The residual
is not below 10~> without FIRE.

Ordinary Step (Q-39)
Calculate H,force,and H from Eq(Q-30) (Q-40)
Fire Step (Q41)
P=force-H;

#ig,=IH| f,=force +DBL_MIN;

H=H(1.0-a)+(force/f, ) H a;

if(P>0.0)n++;

if(n>5){a=0.99a;n=0;}

if(P<=0.0){H=0.0;0=0.1;n=0;} (eqns9)!

(Verification of Accuracy (with an Uniform Magnetization
of'a Sphere))
The magnetization

M (eqn60)!

of a magnetic sphere (the magnetic susceptibility is 999)
placed in an uniform external field of B_,=0.1 [T] in the x
direction is calculated and the results of the calculations are
shown below. In the calculations, it is assumed that an elec-
trical conductance is zero and that the number of particles
(atoms) forming the sphere is 4009 and that those particles are
arranged in fcc structure. The exact solution is
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(eqn61)
N
B ﬂ_o(ﬂ +21, Js

In this case, the calculation results are similar to those for
FIGS. 4,5, 6,7 and 8.

FIGS. 10, 11 and 12 show the results of confirmation of
looping patterns. In those Figures, “windings” of the mag-
netic field are not seen. Such “windings” can be seen accord-
ing to the prior art magnetic moment method. With regard to
arrangements of particles, if the arrangements are ordered
(fec, bee, sc), it can be seen that the results are substantially
the same.

FIG. 10 is a diagram showing results of calculations of
magnetization due to a permanent magnet (1.0 T). The per-
manent magnet is arranged on bee lattice and the magnetic
body is placed on fcc lattice.

FIG. 11 is a diagram showing results of calculations of mag-
netization due to a permanent magnet (1.0 T). The permanent
magnet is arranged on fce lattice and the magnetic body is
arranged on bec lattice.

FIG. 12 is a diagram showing results of calculations of mag-
netization due to a permanent magnet (1.0 T). The permanent
magnet is arranged on fce lattice and the magnetic body is
arranged on sc lattice. Since the atomic radius used is the one
for fee lattice, the magnetic field inside the magnetic body is
rather small. The true solution can be found if the atomic
radius is the one which is given by filling sc lattice.

(Series Representation of Legendre Functions)

Special cases of the Legendre functions and the associated
Legendre functions are listed below (x :=cos 6,).

(eqn62)
fuo =1 @42
i =x Q43)
P9 = 53 - 1) @Q#4)
Ps3(x) = %(5963 —3x%) (Q-45)
Py = L35 ~307 13 Q46)
Py = £(636 =707 + 15 Q47
and (Q-48)
Piw=-(1-2)" Q49)
Pi(x) = —%(1 -5 -1 (Q-50)
Pix) = 15(1 - x%)x (Q-51)
Py = -15(1 - %" Q-52)
Q53)

1
P =— 1= 22 315x - 21042 + 15)

(Derivation of the Force Applied to a Particle)
The Lagrangian describing the interaction between a particle
(electron and nucleus) and a particle magnetic field is
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(eqn63)

N N

L=y [%Mpvj —d(x,) -V, -A(xp)] > [%mgvﬁ +ev, - Alx,)
> .

The relationship between the vector potential

A (eqné4)!

and an electromagnetic field is given by the following.

(eqn65)

JA
B=VXA E=-—
ar

If the following relationship is used,

(eqn66)
dA—BA+ VA, V(v;-A) = VIA+v; XV XA
ar - ar vi-V)A, V(v;-A) = (v;- V) Vi

the following equation of motion can be derived.

(eqn67)
Ve R-D
m,—— = ev, X B + ¢E for electron
dr
dv, R-2)
MPW =—eV, X B—eE - Vd(x,) for nucleus
The equation of motion for an atom M=M,,+m, is
(eqn68)
R-3)

dv
ME =e(ve — Vp) X B(x;) = VOx;) — e((x, — xp) - VIE(x;),
MeXe + Mpxp
Xj= ————
My +m,

With regard to the right side of the equation, by replacing the
Lorentz force with an average current density

7 (eqné9)!

and replacing the electric moment with

p., (eqn70)!
the following can be given.
(eqn71)
R-4)

av;
M= = X B)SV: = (pe-V)E = V()

By combining the Maxwell’s equations and Q-24, the follow-
ing can be given.
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(eqn72)

j=VxH,

1
H, - 3M(H) NON-LINEAR MATERIAL

=1 3,

1+ 2,

H, LINEAR MATERIAL

In the end, the force applied on the atom is, if electric polar-
ization is neglected,

(eqn73)!

S )=(VXE)xB(x,)0V,-VO)(x,) ®R5)

The force applied on the particle can be derived directly
from the Maxwell’s stress tensor.

(eqn74)

fa=—70ﬁ ®R-6)

7% [VXHXB],

R-7)

1 1
Top= —BaBs— —B- B3
AT T

The moment created by localized current at the sphere can be
expressed as the following.

m (eqn75)|
The force applied on the moment is, to the smallest order,
S=(mxV)xB=V (m-B)-m(V-B)=V(m-B) (eqn76)|

Therefore, the potential energy is expressed as the following
together with the potential energy due to electric polarization.

U=-mB+p E (eqn77)|
This does not include eddy current or true current.
(eqn78)
) 1 R-8)
j=Vx (Ho -=M )
3
=V><Ho—£dM(H)V><H ®-9)
3 dH
1l ox R-10)
IE T3 e
R-11)
As a result, by calculating
VxH, (eqn79)1,

the magnetic force applied on the magnetic sphere can be
derived.

(Current Due to Magnetization)
Although it would be difficult to completely separate

Jm (eqn80)|
and the eddy current
jeddy (eqn81)I,

the following holds respectively.
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(eqn82)
i =— R-12)
Jm(Xp) = 1 /3V><Hm
1 .
Jeddy(Xp) = mv X Hyaty R-13)

(Calculation of Differential Coefficients)

The followings are the required differential coefficients.
Based on the following expressions

(eqn83)
d 1 R-14
mpbﬁl(cose) = _ﬂpérﬁrl(cose) ( )
a ! (R-15)
Fooog P (€080) = = = P, (cos6)
! R-16)
9 rznﬂ —(2n+2)m r>a
TR
C2n+1)—=— prTE) r<a
1 ra\m R-17)
P 73(7) r>a
ar| (2n+2y 1 rym
_(2n+1]a_3(5) rea
S 1 an
—-(2n+ )ﬁ(_) r>a
2(2n+2)1( )2'11 < ’
Mo+ 1 rea
listing of only r,, >a (here, since
Poir Pt (eqn81)!

is proportional to sin 6, there is no divergence at 6=0) gives
the followings.

(eqn85)
81y _ ® 19
Orp N
My N (—1PCr+ DR+ D) 1 [ a )
_f TT(T] Pansr(c0s6y)
L : Ypi\NTpj
OH ) _ e (—1yQ2n+ 1)t 1(a ]Z"Pénﬂ(cos@pj) ®R-19
rpjﬁcose T ot A i sinf,;
dHa(ry) _ (R-20)
Ay N
My N (=P Cn+ DR +3) 1 (a]Z" .
Mjz ——— — | — | P5,.i(cos8,)
an L 2+ 1) iUy e
OHs(ry)  mp N (=1"(2n+ D! 1(a]2"P%n+1(cos0pj) ®-21)
rpidcosty; T . 27+ 1)! % r_pj sind,;
OH,(rpj, 6p)) 0H, Xpj OH,  XpiZpj R-22)
x, Orpg rpj  Fpidcosty, ";z;j
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-continued
(eqn86)
OH, (rpjs 0) OH, yp  OH,  ypZy
ayp Arpj rpj  rpidcosty; rf,j
OHy(rajs 0) _ OHy 2y OH, [
dzp Orpj Fpj  Fpi0costy; rf,j
OHylry), 0p1) _ OHgxp  OHg  Xpizp;
dx, T drpiry rpfcosy 1
OHylry. 0y) OHsZy  OHs Yoy

. : T2
sz Brpj pj rpjﬁcosepj 2.

OHy(ry, 0,))  OHp i
0z,

8H,
Orpj i

Bpjﬁcosepj( T2

US 9,322,886 B2

(R-23)

(R-24)

(R-25)

(R-26)

R-27)

(Calculation of Magnetization Current Created by Mag-

netic Moments)

<In the Case where the Magnetization is Parallel to the z

Axis>

The following is the magnetic field when the magnetization

is parallel to the z axis.

(eqn87)

L= 2. 2. R .
Ppj = N Xpj + Ypj » €080y = 25/ 1

Prj Lpi
Hy (rpjs mj) = Hy(rpjs mg) — + Hy(rp;, m;)—
Tpi Tpj

Ppi Zpi
Hy(rpj, mj) = $H,(rps m)— + Ho(rpjs m;) —
Tpj Tpi

Zpi Ppi
Hy(rpjs mjp) = Hi(rpj, mp)— — Hg(rpj; my)—
Tpj Tpj

(R-28)

R-29)

(R-30)

(R-31)

The magnetization current can be expressed as follows.

Im

The magnetic force created by the magnetization

A, pj)m

S8y T XB
At first,

I, pj)
is obtained.

(eqn92)

; 1
Flrpam) = ———(8y, H;, =9, ) =
1+ X
1 OH,(rp; m;) i
1+ x/3 #yp Fpj

OH,(rpjs o) ¥pi

O Hylrps m) ppji
*yp Tpj

A Hy(rpis my) Ypizp

Fzp Tpi Fzp

(eqn8y)|

(eqn89)|

(eqn90)|

(eqn91)|

(R-32)

—Hg

—

0
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-continued

(jy(rpjs m;) = TX/?’(

1 OH,(rp; my) Xpi

8., Hyy =8y, HE) =

9 Hy(ryj; my) Xpi2p; _

T+x/3 E)

Zp Tpj

BZp Ppi’pi

O H,(rpjs my) 2p N O Hylrpjs my) ppj N

a

xp
1

(Jlrg,mg) = ———

1+x/3

1

Tpj BXp Tpj

(8., H} - 8y, HE) =

O Hy(ryjs mz) ypi N O Helrpjs m2) ypiZpj

1+x/3 a r

p P

O H,(rp;

axp Pritpj

mz) Xpj

3,,

T ayp

Hy

O Hy(rpj; mz) XpjZp;

Pritpi

(R-33)

<In the Case where the Magnetization is Parallel to the x

Axis>

The following is the magnetic field when the magnetization is

parallel to the x axis.

(eqn93)

= 2 2 R .
Ppi =N Vpj + Zpj - COSOp; = Xp; [ 1y

(eqn94) |

Xp; Py
i i
H (rpj; mp) = Horp; my)— — Hg(rp;; my)—
Tpj Tpi

o .
Hy(rpsmj) = {Hr(rpj; m) =2 Holry my) 2 }
P

Pri X,
Hy(rpsmy) = {Hr(rpj; M) =2 + Halrp; mx)—”}
rpj I8

The magnetization current

Ty

is obtained.

Yo

Tpi ) Ppi

i \ Zpi

7 ) Ppj

(eqn96)
Flrg, m )——1 (8, HZ -8, H})=
P> X_1+X/3 yp m zp ) =
1 O H(rpj; mx) Zp O Hy(rp;; my) Xpj Zpi
1+x/3 9y, Tpi 9y, Ppi Tpj
OHrpjs mx) ypi O Holryjs mx) Xpjpi
9, i 9, Prilpi

B 1 X
/y(rpja my) = m(azp H, - axp H;Zn) =

1 OH,(rpjs m) Xp— OHy(rps mi) ppj
1+ x/3 sz i sz Fpj
OH rpjs my) zpi O Hglryjs my) XpiZp;
s, Tpi %, Pritpj

- H,

(R-34)

(R-35)

(R-36)

R-37)

(eqn95)!

(R-38)

R-39)
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-continued

j x R-40
Jrpj m) = m(% HY -8, Hy) = (R-40)

1 O H,(rpj; my) Yei N
1+x/3 2]

xp

O Hylrpjs m) Xpjypj

BXp Ppi’pi

Tpi
O Hy(rpjs m) Xp

a

O Hy(rpj; my) Py
¢}

+ Hy

r

24 T

yp yp P

<In the Case where the Magnetization is Parallel to the y
Axis>

The following is the magnetic field when the magnetization is
parallel to the y axis.

(eqn97)
R-41
Prj = X+ Zpj » COSp; = Vi Ty ( )
P Vi \ o R-42)
Hy(rpjs mjy) = {Hr(rpj; M=+ Ha(ry; my)ﬂ}ﬂ
Tpi Tni ) Ppj
Voi Pri R-43
Hy(rpjsmyy) = Hy(rpjs my)ﬂ = Hy(ryj3 my)ﬂ ¢ )
Tpi Tpi
P Vi \ 2o R-44)
Hy(rpsmp) = {Hr(rpj; m)=E 4 Hy(ryy; my)ﬂ}ﬂ
Tpj Tpi ) Ppi
The magnetization current
jmy (eqn9B)|
is obtained.
(eqn99)
, R-45
F U my) = | = 3By, Hiy =8, 1) = R4
1 | 0H (s my) 2y AHp(rpss my) YpiZpi
L+x/3 3y, Fpj 9, PriTpi
OH,(rpjsmy) ypi | OHelrp;my) ppi T H,
9z, T zp T
. 1 X R-46)
(POgm) = | = 30, Hy =00, H) =
1 OH,(rpj; my) Xpj  OHp(rps my) Xpyp;
- i) . i) vIR
1+x/3 sz i sz PpiTpj
OHArpjsmy) 2pj O Halrps my) ypiZp;
[ p Tpi axp Ppj"pj
i 1 x (R-47)
Flom) = | = By Hi =0, Hy) =
1|08 ryjsmy) yp  OHelrpsmy) ppi
1+ x/3 Bxp Vi axp Tpi
OH,(rpjs my) xp;  OHy(rpys my) Xp;yp; H
— — = — — - Hy
9y, i 9y, Pritpi

(Calculation of Eddy Current Created by Induced Mag-
netic Field)

According to S-3, the induced magnetic field is given by the
following.

24
(eqnl100)
Hina(p) = = 3" 0 B,Glry) (R-48)
5 7
a . (R-49)
Tj5— Fpj a
G( ) J 3rpj 4
rpi) =
" @
10 S i
Here, G (r) is a Green function (a propagation function). The
eddy current is given by the following.
15
(eqnl01)
. _ 1 ' R-50)
Jeddy(rp) = mv X Hipa(xp)
20
1 ; R-51
:_1+X/3vac(rpj)x3j ®-3)
J
- @ xp-x; .sa R-52)
25 iR T P
VG(r,) = 3rp Thi
L Nl d
J 3 rpj 4
30  (Calculation of the Force Applied on a Particle)
By adding m,, m,, m, and the contribution from the eddy
current, the total current can be obtained as follows.
35 (eqnl02)
J0p) = D Aty m) + gy my) + s MO} + ety () R-33)
#p
49" The force applied on a particle at a coordinate
X, (eqn103)|
is given by the following.
45 (eqn104)l
S, (0, )% B (x,)0V,~V ,D(7,,) (R-54)
In the end, it is necessary to add a term derived from the
derivative of
50 Lz (eqn103)!
This is a virtual force created by an error of the magnetic field
H,~H,(x;), (eqn106)|
and the total energy of the motion and the magnetic field is
55

conserved.

(eqnl07)
60 f(x,) = jlx,) X B(x,)0V, =V, ®(r,) + R-55)
Ho[{(Hop — Ho(x5))- VIH, (x,) = j(x,) X {Hop — Ho(x,)} 6V,

The embodiment describes the case where both the posi-

65 tion and the velocity of a particle are calculated in the numeri-
cal operation unit 120. However, the present invention is not
limited to this. For example, in a method of numerical analy-
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sis, such as the Verlet method, the position of a particle is
directly calculated from the force applied on the particle in the
calculation of the position of the particle and the velocity of
the particle does not have to be explicitly calculated. The
concept according to the present embodiment can be applied
to such a method.

It should be understood that the invention is not limited to
the above-described embodiment, but may be modified into
various forms on the basis of the spirit of the invention.
Additionally, the modifications are included in the scope of
the invention.

Priority is claimed to Japanese Patent Application No.
2012-046390, filed Mar. 2, 2012, the entire content of which
is incorporated herein by reference.

What is claimed is:

1. An analyzer, comprising:

a magnetic moment association unit operative to associate

a particle in a particle system defined in a virtual space
with a magnetic moment;

anumerical operation unit operative to perform numerical

operation according to a governing equation that gov-
erns a motion of each particle in the particle system and
that is described by using the spherical symmetry of
each particle, the particle system including the particle
which is associated with the magnetic moment by the
magnetic moment association unit; and

a magnetic physical quantity calculation unit operative to

calculate a magnetic physical quantity with regard to the

particle system using the results of the numerical opera-

tion performed by the numerical operation unit;

wherein the particle system defined in a virtual space is
obtained by discretizing a magnetic continuum to be
analyzed by particles; and

wherein the numerical operation unit is operative to
perform the numerical operation according to the
governing equation by using a demagnetizing coeffi-
cient of a spherical magnetic body.

2. The analyzer according to claim 1, wherein the particle
system is a particle system which is renormalized using a
Renormalized Molecular Dynamics Method.
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3. The analyzer according to claim 1, wherein the govern-
ing equation in the numerical operation unit has a term depen-
dent on the magnetic moment.

4. The analyzer according to claim 1, wherein the magnetic
physical quantity calculation unit is operative to calculate a
magnetic field or a magnetic flux density created by the par-
ticle system.

5. The analyzer according to claim 1, wherein the numeri-
cal operation unit operative to perform the numerical opera-
tion according to the governing equation that is described by
using an exact solution of a magnetic physical quantity with
regard to the spherical magnetic body.

6. The analyzer according to claim 1, wherein the magnetic
physical quantity comprises a magnetic field of an electrical
appliance.

7. The analyzer according to claim 6, wherein the electrical
appliance is a motor.

8. A non-transitory computer readable recording medium
having recorded thereon a computer program, the computer
program causing a computer to perform, when executed,
functions comprising:

associating a particle in a particle system defined in a

virtual space with a magnetic moment;

performing numerical operation according to a governing

equation that governs a motion of each particle in the
particle system and that is described by using the spheri-
cal symmetry of each particle, the particle system
including the particle which is associated with the mag-
netic moment; and

calculating a magnetic physical quantity with regard to the

particle system using the results of the numerical opera-

tion;

wherein the particle system defined in a virtual space is
obtained by discretizing a magnetic continuum to be
analyzed by particles; and

wherein the numerical operation according to the gov-
erning equation is performed by using a demagnetiz-
ing coefficient of spherical magnetic body.

#* #* #* #* #*



